A variety of proton (H + )-conducting oxides are known, including those used in electrochemical devices such as fuel cells. In contrast, pure H -conduction, not mixed with electron conduction, has not been demonstrated for oxide-based materials. Considering that hydride ions have an ionic size appropriate for fast transport and also a strong reducing ability suitable for high-energy storage and conversion devices, we prepared a series of K 2 NiF 4 -type oxyhydrides, La 2-x-y Sr x+y LiH 1-x+y O 3-y , in the hope of observing such H -conductors. . Indeed, the perovskite and mayenite-type oxyhydrides are dominated by electron conduction caused by the dissociation of hydride ions into electrons and protons (16, (20) (21) (22) 25) . Taking this into consideration, preventing electron donation from hydride ions in the crystal lattice may be important for achieving pure H -conduction in the oxide framework structure. In this study, we attempted to prepare a series of K 2 NiF 4 -type oxyhydrides, La 2-x-y Sr x+y LiH 1-x+y O 3-y (0 ≤ x ≤ 1, 0 ≤ y ≤ 2, 0 ≤ x + y ≤ 2), which are equipped with cation sublattices featuring cations more electron-donating than H -and anion sublattices that exhibit flexibility in the storage of H table S1 ) contained in the colored compositional range in Fig. 1A were synthesized by treating the appropriate starting materials in sealed Au capsules at high pressure and high temperature (26).
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-(mayenite structure) (20) (21) (22) . However, none of these displays pure H -conductivity.
Hydride ions have been reported to act as electron donors in oxide-based materials (20) (21) (22) (23) (24) , transferring electrons from hydride ions to the lattice. This causes conduction of electrons accompanied by a characteristic change in the hydrogen charge from H -to H + . Indeed, the perovskite and mayenite-type oxyhydrides are dominated by electron conduction caused by the dissociation of hydride ions into electrons and protons (16, (20) (21) (22) 25) . Taking this into consideration, preventing electron donation from hydride ions in the crystal lattice may be important for achieving pure H -conduction in the oxide framework structure. In this study, we attempted to prepare a series of K 2 NiF 4 -type oxyhydrides, La 2-x-y Sr x+y LiH 1-x+y O 3-y (0 ≤ x ≤ 1, 0 ≤ y ≤ 2, 0 ≤ x + y ≤ 2), which are equipped with cation sublattices featuring cations more electron-donating than H -and anion sublattices that exhibit flexibility in the storage of H table S1 ) contained in the colored compositional range in Fig. 1A were synthesized by treating the appropriate starting materials in sealed Au capsules at high pressure and high temperature (26) .
The x-ray diffraction (XRD) pattern of La 2 LiHO 3 (x = y = 0) could be assigned to the K 2 NiF 4 -type structure, but the lattice symmetry was found to change between tetragonal (I4/mmm, t-La 2 LiHO 3 ) and orthorhombic (Immm, o-La 2 LiHO 3 ), depending on certain experimental factors, including the LiH/ La 2 O 3 ratio of the starting materials (1/1 and 2/ 1 for t-and o-La 2 LiHO 3 , respectively), heating temperature, and pressure ( fig. S1 ). All other samples were prepared under the same conditions as outlined for o-La 2 LiHO 3 . Regarding the Sr-substituted series of La 2-y Sr y LiH 1+y O 3-y , the diffraction peaks continuously shifted to lower angles with increasing y (Fig. 1B ) and the lattice symmetry changed from Immm (y < 1) to I4/mmm (y ≥ 1) (Fig. 1C) .
The compositions and structures of La 2-y Sr y LiH 1+y O 3-y (y = 0, 1, 2) were determined by x-ray and neutron Rietveld analyses. Details of the analyses are given in figs. S2 and S3, in tables S2 and S3, and in the supplementary text. In La 2 LiHO 3 , the two apical sites of the LiX 6 octahedra are occupied only by O 2- , as illustrated schematically in Fig. 2 . Electronic density of states calculations also corroborate the presence of hydride ions, as can be seen in fig. S7 , where these ions have localized electrons between approximately 0 and -5 eV below the Fermi level. The Li-H -bond was confirmed to be ionic in nature.
The conductivities of the oxyhydrides were estimated from the impedance plots, which are characteristic of typical ionic conductors, as shown in fig. S8 . Figure 3 , A to C, shows Arrhenius plots of the conductivity of La 2-x-y Sr x+y LiH 1-x+y O 3-y . The conductivity and activation energy values (see table S6) demonstrate that the ionic conductivity varies with the compositions of both x and y in The structure is composed of perovskite and rock-salt structure blocks stacked along the c axis. The perovskite-type layers are separated by rock-salt layers. 
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, respectively. It is evident that La 0.6 Sr 1.4 LiH 1.6 O 2 is a pure ionic conductor ( fig.  S9 and table S7 ).
An all-solid-state cell was then constructed with o-La 2 LiHO 3 as the solid electrolyte. The electrode configuration-namely, a powdered mixture of the electrode and electrolyte materials-was similar to those used for the all-solid-state lithium battery (1) . Figure 4A shows the discharge curve of the Ti/o-La 2 LiHO 3 /TiH 2 cell, displaying a constant discharge current of 0.5 mA at 300°C. The cell showed an initial open circuit voltage of 0.28 V, which is consistent with the theoretical value calculated from the standard Gibbs energy of formation of TiH 2 (29) . During the electrochemical reaction, the cell voltage dropped rapidly from 0.28 to 0.06 V and then decreased gradually to 0.0 V. This steep drop-off in the first reaction step corresponds to an increase in hydride ion content at the anode, according to the constant current discharge reaction:
where the reaction at the cathode is as follows:
These discharge reactions were confirmed by observation of the phases that appeared following the reaction. Figure 4B shows the synchrotron XRD patterns for the cathode, electrolyte, and anode, both before and after the reaction. The absence of any variation in the diffraction patterns of the electrolyte indicates that the La 2 LiHO 3 electrolyte is stable when in contact with the Ti and TiH 2 electrodes during the reaction. Phase changes detected for the cathode and anode materials are consistent with those expected from the Ti-H phase diagram (29) , where the d-TiH 2 ðFm 3mÞ phase releases hydrogen and is transformed into a-Ti (P6 3 /mmc) through a two-phase (a-TiH b + d-TiH 2-a ) coexistence region, which is found below~573 K ( fig. S10 ). In the case of the cathode, additional diffraction peaks corresponding to P6 3 /mmc symmetry were detected. In addition, the signals corresponded to a shift of TiH 2 to a higher angle, thus indicating that lattice shrinkage takes place with the release of hydrogen from TiH 2 . In the case of the anode, peaks corresponding to ðFm 3mÞ symmetry were detected. These results indicate that during the electrochemical reaction, hydride ions are released from the TiH 2 cathode and diffuse into the Ti anode through the o-La 2 LiHO 3 ( fig. S11 ). L arge volumes of processed natural gas are stored underground to accommodate variability in energy demand on diurnal to seasonal time scales. Underground storage facilities constitute strategic gas reserves in many countries worldwide, with a volume equal to 10% of global annual consumption (1). Roughly 86% of stockpiled natural gas in the United States is stored at high pressure in depleted subsurface oil reservoirs (2) . The Aliso Canyon storage facility, a depleted subsurface oil reservoir in the San Fernando Valley 40 km northwest of Los Angeles, CA, has a total capacity of 168 billion standard cubic feet (SCF) (4.79 × 10 9 m 3 ) at standard temperature and pressure, of which only 86 billion SCF (2.5 × 10 9 m 3 ; the "working capacity") is routinely accessed for commercial use (2) . It is the fourth largest facility of its kind in the United States, accounting for 2.1% of the total U.S. natural gas storage in 2014 (2) . Processed natural gas is composed primarily of methane (CH 4 ), a powerful greenhouse gas, and ethane (C 2 H 6 ), both of which can lead to background tropospheric ozone production; at sufficiently high concentrations, natural gas leaks pose an explosion hazard and, if inhaled, can induce nausea, headaches, and impaired coordination. Exposure to odorants that are added to natural gas, which are typically sulfur-containing compounds such as tetrahydrothiophene [(CH 2 ) 4 S] and 2-methylpropane-2-thiol [t-butyl mercaptan; (CH 3 ) 3 CSH] can cause short-term loss of the sense of smell, headaches, and respiratory tract irritation. Major natural gas leaks therefore can have adverse impacts on climate, air quality, and human health.
On 23 October 2015, a major natural gas leak of indeterminate size was reported in the Aliso Canyon area and was later identified as originating from SS-25, one of 115 wells connected to the subsurface storage reservoir. The SS-25 well began oil production in 1954 and was converted to a gas storage well in 1973 (3) . Seven unsuccessful attempts to close the leak have been reported. A relief well intercepted the leaking pipe at a depth of~2600 m, below the subsurface breach; heavy fluid injection (a "bottom kill") temporarily halted the leak on 11 February 2016, and cement injection sealed the well on 18 February 2016 (4).
We deployed a chemically instrumented Mooney aircraft in 13 flights from 7 November 2015 to 13 February 2016. We measured CH 4 and C 2 H 6 to quantify the atmospheric leak rate and to assess air quality downwind of the leaking well (5) . Ground-based whole-air sampling (WAS) with stainless steel canisters on 23 December 2015, followed by laboratory analysis, provided information on the chemical speciation of the leaking hydrocarbon mixture. We used the continuous airborne data and the ground-based WAS canister
